U nderstanding and controlling how atoms are organized to form larger structures during crystal synthesis is a fundamental goal of nanochemistry. This is due, in part, to the drive to tune the size, shape, and exposed facets of a nanoparticle to program its optical, 1,2 catalytic, 3, 4 and biomedical properties. 5−7 Kinetically driven syntheses are particularly appealing as they can yield nanocrystals with high-index facets and exotic structures. 8−10 However, the mechanisms underlying many of these nonequilibrium reactions are poorly understood and difficult to probe experimentally. With a better understanding of nonequilibrium processes in nanoscale systems, chemists can improve their ability to controllably make energetically unfavorable nanocrystals with tailored facets and properties. 11, 12 Liquid cell transmission electron microscopy (TEM) is an appealing technique for probing kinetically dominated nano-crystal reactions as it allows for direct imaging of dynamics and structural transformations at the single particle level in a liquid environment. 13−17 Encapsulating the liquid solution between sheets of atomically thin graphene provides exceptional spatial resolution for investigating nanocrystal facet and atomic dynamics. 18−21 Liquid cell TEM can provide mechanistic information about nanocrystal etching on the single particle level, 22−24 and recent work by our group has demonstrated the ability to etch gold nanocrystals in graphene liquid cells, revealing the presence of high-energy intermediate shapes during a kinetically controlled reaction. 25 Here, we explore the effects of the chemical potential used to drive the etching process. Control of the driving force and the extent to which the system is kinetically controlled provides new insights into the transformation pathways of nonequilibrium nanoparticle formation reactions.
In this work, we modulate the oxidation potential in graphene liquid cell nanoparticle etching reactions by changing the concentration of a chemical etchant (FeCl 3 ) while holding constant the electron beam dose rate. Whereas cubic nanocrystals were observed to transform into tetrahexahedra intermediates with different {hk0} crystal facets depending on the chemical potential (FeCl 3 concentration), rhombic dodecahedra nanocrystals transformed into the same tetrahexahedra intermediate, regardless of chemical potential. Monte Carlo simulations and zero temperature kinetic models were used to elucidate the underlying mechanisms by which chemical driving force controls which atoms are removed and what nonequilibrium facets are formed.
In all experiments, gold nanocrystals 26 are suspended in aqueous solutions of FeCl 3 and Tris buffer−HCl and encapsulated in a graphene liquid cell 21 (nanocrystal synthesis and graphene liquid cell methods are in the Supporting Information). These conditions allow for nonequilibrium particle etching to occur in the presence of the electron beam via a combination of the oxidative species generated locally as byproducts of radiolysis 27, 28 and the FeCl 3 . 29−31 For all nonequilibrium etching conditions, gold cubes and rhombic dodecahedra (RDD) transition into tetrahexahedra (THH) shapes ( Figure 1A ). The cube and RDD are composed of high symmetry {100} and {110} surface facets, respectively, while the THH are composed of {hk0} surface facets. High index {hk0} facets are vicinal facets composed of {100} terraces separated by steps ( Figure 1A ). The h/k value of an {hk0} facet describes the atomic width of each {100} terrace, and the vicinal angle is defined as the angle between a {100} surface and the {hk0} surface. Cubes can be thought of as an infinitely long {100} terrace (h/k → ∞), while the {110} RDD are the limit where each terrace is only a single atom wide (h/k = 1). Therefore, a continuous hypothetical transformation from a cube to a THH to an RDD is possible by decreasing the size of the {100} terraces of the surface facets of the initial nanocrystal. From a shape perspective, the {hk0} THH can be thought of as cubes with pyramids on each face, with the angle of each pyramid Figure  1C ,E).
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To better understand the kinetic mechanisms governing the conversion between cubes, THH, and RDD, we investigated the role of the chemical potential driving the etching process. By maintaining the same electron beam dose rate, the initial FeCl 3 concentration could be increased or decreased to modulate the chemical potential driving the system out of equilibrium. Interestingly, although both cubes and RDD etched to THH intermediate shapes ( Figure 1D ,F), cubes adopted THH with a range of different {hk0} surface facets as a function of chemical potential, while the RDD adopted a constant {hk0} THH shape with an h/k value of 2.5, regardless of chemical potential.
The underlying mechanistic reasons for why etching from {100} cubes and {110} RDD result in different THH intermediates were investigated by monitoring the progression of nanocrystal facets over time for a range of different FeCl 3 concentrations. Using the image analysis techniques described in the Supporting Information, the angles of the THH intermediate shapes for each frame of the videos were measured, and the corresponding {hk0} facets on the surface of the nanocrystal were calculated. When etching the cubes, the initial {100} facets of the cube rapidly become increasingly pyramidlike, indicating the creation of {hk0} facets with decreasing h/k values as the etching progressed ( Figure 2A ). For each cube, the facet eventually reached a steady {hk0} facet that was maintained even as the particle continued to decrease in volume ( Figure 2B ). The value of this steady index, and the resulting transient THH morphology, increased as the concentration of FeCl 3 , and the resulting chemical potential was increased ( Figure 2D ). Previous in situ etching experiments of cubes have shown {310} intermediate facets, 25 but this difference can be attributed to different chemical potentials in the etching environment. In this work, we used a higher concentration of Tris buffer−HCl because we have observed better formation of graphene liquid cell pockets. The facet tips on the nanocrystals can sometimes be slightly blunted, so the measured facet angle corresponds to lines drawn from the midpoint of the facet ( Figure S2 ). In addition, the facet measurement analysis was shown to be robust to the small rotations that can be expected from diffusional motion in the graphene liquid cell ( Figure S10 ). Although the nanocrystals were often not perfect in shape, the overall trend of higher initial FeCl 3 concentration leading to higher index {hk0} facets was consistent across many etched nanocubes.
Monte Carlo simulations using a simplified, lattice-gas-like model to remove atoms from FCC cubic nanocrystals at different chemical potentials match the experimental facet trajectories and show a similar dependence of the steady {hk0} facets on driving force ( Figure 2C ). In the simulations, the probability (or rate) of removal of a surface atom depends on (1) its number of nearest neighbor bonds, each of which contributes an energy ε, and (2) the value of the driving force, represented in the model as a chemical potential μ. For example, at a chemical potential of μ/ε = −6.5, atoms with 6 or fewer nearest neighbor bonds are likely to be etched, while atoms with 7 or more nearest neighbor bonds are not likely to be etched. Using this procedure to simulate the etching of gold cubes, the initial {100} surface facet becomes steeper with the h/k value following an exponential curve qualitatively similar to the facet trajectories observed from the liquid cell TEM experiments ( Figure 2C) . At lower potentials, the Monte Carlo simulation shows a steeper steady {210} facet, while at higher potentials the steady facet appears to level off at higher h/k facets, suggesting the concentration of FeCl 3 in the experiments acts as the chemical potential in the system, determining which atoms are removed. In Figure 2C , the trajectories are shown until they reach 40% of their initial volume similar to the cutoff in data for experimental particles in Figure 2B . If the simulation is continued to even smaller volumes, the facet h/k value continues decreasing even after the facet trajectory flattens out ( Figure  S5 ). The initial cubes in the liquid cell TEM experiment were potentially too small to exhibit this slow decline in h/k value after reaching the steady {hk0} facet. Regardless, the observation of different steady facets at different driving forces remains consistent. The corroboration of Monte Carlo facet trajectories with the experimental TEM facet trajectories in both shape and etchant oxidation potential dependence suggests a general mechanistic underpinning to these observations. Etching RDD particles encompassed by {110} facets in the nonequilibrium regime also yielded THH intermediate shapes.
However, the facet trajectory of the RDD reached the same steady values, regardless of FeCl 3 concentration. Since the RDD are oriented with their {110} face perpendicular to the beam (as opposed to the {100} face in the case of cubes), the intermediate THH polyhedra in Figure 3 are rotated compared to the THH shapes seen in Figure 2 . Because of the rotation of the THH, only two angles can be used to measure the facets of the THH ( Figure S2 ). Representative images of the steady THH shapes after etching RDD at different concentrations of FeCl 3 show the rotated THH and the angles that are used for calculating facets ( Figure 3B ). Using the two measurable facet angles on the THH images, all the trajectories of the facets show a rise in h/k value to facets just over {210} but via different paths ( Figure 3C ). The nanocrystals then maintain this surface facet even as they undergo further etching. Although there are differences in the shape of the facet trajectory, multiple trials of etching RDD at varying FeCl 3 concentrations consistently showed a THH facet with an h/k value around 2.5.
Monte Carlo simulations on etching RDD in the nonequilibrium regime resemble reasonably well the experimental trajectories observed using graphene liquid cell TEM ( Figure  3D ). All of the curves with a potential between μ/ε = −6.1 and μ/ε = −6.8 show the facet reaching a steady asymptote around {210}. The lower potentials show a concave down facet trajectory, while higher potentials show a concave up trajectory toward the {210} facet. These trajectories are qualitatively similar to the liquid cell TEM trajectories, and comparing first and second derivatives of the curves shows some correlation despite noise in the experimental data ( Figure S6 ). The remarkably close correspondence between simulation and experiment is surprising given the simplicity of the simulation model.
A closer investigation of the Monte Carlo simulations and zero temperature kinetic models can be used to rationalize the observed chemical potential dependence of the facets during etching. Viewing each nanocube in the simulation down the [001] direction during the initial etching of the top few layers, higher driving forces show more etching into the interior of the top layer ( Figure 4A ). This increased removal of interior atoms leads to a roughening of the edges of the layers, which can quantitatively be shown by measuring the fraction of face atoms that are on the edge as a function of the chemical potential ( Figure 4B ). This edge roughness is indicative of a faster rate of removal of the top layers of atoms, which will ultimately lead to flatter intermediate {hk0} facets. A color-coded, zero temperature kinetic model can explain the mechanism of this potential dependent behavior on the atomic level ( Figure 4C ). Starting with the top surface of a cube with {hk0} character on the edges, an edge atom can be removed if the magnitude of the chemical potential is above μ/ε = 6. Immediately after removal of that 6-coordinate edge atom, two 7-coordinate inner atoms are exposed. At potentials well below a magnitude of μ/ε = 7, these two newly exposed atoms cannot be removed, and etching continues, removing the 6-coordinate atoms that form the square edge of the plane. At potentials close to or above magnitude μ/ε = 7, these newly exposed 7-coordinate atoms become likely to be removed, leading to both a roughening of the edge and a faster removal of the top terrace of atoms. It is important to remember that removal of atoms in the Monte Carlo simulation is a probabilistic event, so adjusting the chemical potential changes the likelihood that an atom is removed. This probability of removing interior 7-coordinate atoms increases at higher potentials, leading to the faster removal of the top layers of atoms and flatter {hk0} THH facets. Therefore, the oxidation potential controls the kinetic roughening of the edges during etching of cubes, which dictates the steady state {hk0} facet on the intermediate THH shape. Although the etching of cubes from {100} to various {hk0} THH is understandable in terms of kinetic roughening, the simulated RDD always approach a {210} THH in the nonequilibrium etching regime, regardless of chemical potential. The surface atoms of the initial {110} RDD consist primarily of 7-coordinate face atoms with 5-coordinate edge atoms ( Figure  5A ). The RDD etching behavior seen in the liquid cell experiments can only be recreated in the Monte Carlo models when the potential is set such that atoms with less than seven nearest neighbor bonds are removed ( Figure S8 ). In that potential regime, a mechanism of etching occurs that consists of chains of atoms being removed from the {110} faces via the edges ( Figure 5A ). This etching leaves behind {210} facets on the faces (see Step 11 of Figure 5B ). This chain-like mechanism can also explain why the transition from {110} RDD to {210} THH does not change with the potential of the etchant. Immediately after one of the 6-coordinate atoms on the edge of the chain is removed, a new 6-coordinate interior atom is exposed ( Figure 5C ). Unlike in the etching of the cubes, the probability of removing the newly exposed inner atoms compared to the edge atoms does not change with potential because both atoms are 6-coordinate. Since potential does not change the likelihood of etching into the surface, the steady {hk0} facet does not vary with potential when etching from a {110} surface.
The steady facet during RDD etching does not change with potential, but the facet trajectories did have dependence on potential in both the experiment and simulation. The difference in curvature of the facet trajectories at different etchant potentials is due to the changes in the ability of atoms on the face of the {110} facet to be removed. As the etchant potential increases, the probabilistically unlikely event of removing a 7-coordinate atom on the {110} surface becomes more common. Once a 7-coordinate surface atom gets removed, it exposes two 6-coordinate atoms, thus inducing a chain-like etching mechanism that removes all the atoms in its row ( Figure S9 ). Higher potentials increase the probability of these unlikely events, leading to the nanocrystal maintaining the {110} character of its facets for longer times ( Figure S8 ).
These results highlight the importance of single-particle measurements of nonequilibrium processes enabled by graphene liquid cell TEM experiments coupled with Monte Carlo simulations. Although the assumption that atoms etch based on their coordination number has been previously reported, 25, 32, 33 this data reveals important mechanistic understanding of how the chemical potential of a kinetically driven reaction can be used to sculpt nanocrystals to adopt specific surface facets. This is valuable since nonequilibrium growth and etching pathways are a powerful tool to create energetically unfavorable shapes, but detailed atomic-level understanding of these processes is lacking from the literature. We envision this approach as allowing for detailed mapping of the energy landscape of various inorganic nanocrystal systems, facilitating the rational synthesis of faceted nanocrystals for specific applications.
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